The release of cerebral dopamine (DA) in response to pharmacological and behavioral challenges can be noninvasively measured by functional neuroimaging assessments of the competition between DA and radiolabelled DA receptor ligands for binding to DA receptors. The most sensitive of these techniques uses PET to measure changes in the binding potential (BP) of the DA D2/D3-receptor antagonist [
The release of cerebral dopamine (DA) in response to pharmacological and behavioral challenges can be noninvasively measured by functional neuroimaging assessments of the competition between DA and radiolabelled DA receptor ligands for binding to DA receptors. The most sensitive of these techniques uses PET to measure changes in the binding potential (BP) of the DA D2/D3-receptor antagonist [ 11 C]raclopride. The sensitivity of [ 11 C]raclopride binding to competition from endogenous DA is at least partly conferred by raclopride's relatively fast dissociation rate and low affinity for DA D2 receptors (K D ϭ 1.2 nM) (Seeman et al. 1989; Kohler et al. 1985) . The striatal BP for [ 11 C]raclopride has thus been shown to decrease following administration of drugs that stimulate DA release (e.g., AMPH) or block DA reuptake (e.g., methylphenidate, cocaine) and during performance of neuropsychological tasks presumed to increase DA release Carson et al. 1997; Dewey et al. 1993; Hartvig et al. 1997; Koepp et al. 1998; Laruelle et al. 1996 Laruelle et al. , 1997 Price et al. 1998; Schlaepfer et al. 1997; Volkow et al. 1994) .
Neuroimaging measures of in vivo DA release are expected to yield seminal information regarding the pathophysiology of psychiatric conditions that have been associated with altered dopaminergic function, such as psychotic disorders, substance dependence dis-orders, and mood disorders Fibiger 1991; Grace 1991; Laruelle et al. 1996; Schlaepfer et al. 1997; Swerdlow & Koob 1987; Volkow et al. 1994; Willner 1995) . The system of primary interest in these conditions involves the mesocorticolimbic dopaminergic projections from the ventral tegmental area and substantia nigra into the ventral striatum, medial prefrontal cortex, and amygdala, which participate in the neural processing of motivated behavior (Everitt et al. 1989; Fibiger 1991; Heimer and Alheid 1991; Willner et al. 1991) . Alterations in this system are thus hypothesized to play roles in mediating the euphoria and behavioral reinforcement associated with drugs of abuse and mania as well as the anhedonia, inactivity and amotivation that characterize major depression (Deutch 1993; Fibiger 1991; Grace 1991; Swerdlow and Koob 1987; Willner 1995) . The portion of this system where DA release is most clearly measurable by extant neuroimaging methods is the ventral striatum, since the specificto-nonspecific binding ratio for the radiolabeled DA D2/D3 receptor radioligands that are sensitive to competition from DA is much higher in the D2/D3 receptor rich striatum than in the prefrontal cortex or the amygdala (Hall et al. 1994) .
The ventral striatum may also comprise the striatal region where neuroimaging measures will demonstrate the greatest sensitivity to changes in radioligand binding induced by drugs that inhibit DA reuptake, stimulate DA release, or increase DA through neurotransmitter system interactions. This expectation follows from microdialysis studies in rats showing that higher extracellular fluid DA concentrations are achieved in the nucleus accumbens than the dorsal caudate-putamen during administration of cocaine, phencyclidine, nomiphensine, AMPH, nicotine, narcotic analgesics, and ethanol (Brazell et al. 1990; Carboni et al. 1989; Di Chiara and Imperato 1988a, b; Di Chiara et al. 1993; Kuczenski and Segal 1992; Segal and Kuczenski 1992; Sharp et al. 1987 ). In the case of AMPH, which stimulates release of cytosolic DA through a mechanism that is independent of DA neuronal firing activity (Kuczenski and Segal 1989) , a preferential sensitivity of the accumbens to the DA releasing effects of AMPH was initially shown by Di Chiara and Imperato (1988b) and confirmed by some (Sharp et al. 1987) but not other studies (Robinson and Camp 1990; Pehek et al. 1990; Kuczenski and Segal 1992) . The inconsistency of these results appeared to reflect differences in dialysis probe placement across studies. In fact, the ability to detect regional differences in AMPH sensitivity required that the dialysate from the dorsal caudate did not include extracellular fluid from the ventral striatum, and that the dialysate from the accumbens included fluid from the accumbens shell (DiChiara 1991; DiChiara et al. 1993) . For example, DiChiara et al. (1993) found that ‫ف‬ two-fold greater increase in extracellular fluid DA concentrations induced by AMPH (at all doses tested from 0.25 to 2.0 mg/kg) in the accumbens relative to the dorsal caudate-putamen was largely attributable to DA release in the shell, as opposed to the core, of the accumbens.
In primates, the accumbens cells blend with those of the anteroventral putamen and the ventral caudate, so that a distinct border of the accumbens shell is not microscopically or macroscopically evident (Heimer and Alheid 1991) . Nevertheless, replication of the earlier microdialysis study of Di Chiara and Imperato (1988b) , which used microdialysis probes positioned horizontally in two planes, one in dorsal caudate-putamen and the other in ventral striatum (traversing accumbens and anteroventral caudate-putamen), is technically feasible using neuroimaging techniques. Improvements in the spatial resolution of PET scanners and development of PET-MRI image coregistration methods permit close approximation of these probe positions using PET measures (Black et al. 1997) .
The current study compares the magnitude of AMPH-induced changes in [
11 C]raclopride binding potential ( ⌬ BP) in these two striatal regions in baboons to assess whether the differential sensitivity to AMPH between the anteroventral striatum and dorsal caudate seen in rodents also exists in primates. Because these structures are small relative to PET's spatial resolution, such quantitative neuroimaging assessments are subject to potential bias from the blurring associated with the scanner partial volume effects and from inaccuracies in the PET-MRI image coregistration. The influence of these error sources on our ability to test the hypothesis that the AMPH-induced ⌬ BP differs across striatal ROI is thus characterized by extending the previous simulation study of these effects in human brain imaging (Meltzer et al. in press) to the geometry of the baboon brain images presented here.
METHODS

PET Image Acquisition
Twelve paired [ 11 C]raclopride PET studies were performed in five adult baboons (three female) in accordance with the Guide for the Care and Use of Laboratory Animals adopted by the NIH (Table 1) . Each study consisted of a baseline [
11 C]raclopride scan followed 2 hours later by an identical scan that was preceded by AMPH administration. Prior to the baseline scan, the baboons were initially sedated with ketamine (20 mg/ kg, i.m.), given atropine (1.0 mg, i.m.) to control salivation, and intubated. Anesthesia was subsequently maintained with isofluorane (0.5 to 2.5%, to effect) and paralysis with pancuronium (up to 0.06 mg/kg/hr, titrated to effect). At least 90 min elapsed between ketamine/atropine administration and image acquisition to permit dissipation of any pharmacological effects of these agents on endogenous DA release prior to the baseline scan. During this period, a femoral artery catheter was inserted to monitor blood pressure and sample arterial blood, and an antecubital vein catheter was placed for radioligand infusion. Blood pressure, heart rate, and respiratory rate were monitored during the anesthesia and recovery periods. The baseline rectal body temperature ( ‫ف‬ 37 Њ C) was maintained using a Gaymar™ heating blanket. Prior to scanning, the baboon's head was fixed so that the image planes were acquired approximately parallel to the orbital-meatal line (Riche et al. 1988 ). This head position was maintained through both [
11 C]raclopride scans. Ten PET studies were performed using a Siemens 951R/31 (31 contiguous slices over a 108 mm axial fieldof-view (FOV), and two using a Siemens HR ϩ (63 contiguous slices over a 152 mm axial FOV). When the HR ϩ became available toward the project end, scans were obtained on this tomograph because its superior sensitivity permitted injection of smaller injected masses of raclopride (Table 1 ). The slight differences in statistical noise and spatial resolution (described below in the Simulation Studies section) between the image sets acquired on each scanner were not expected to affect the quantitative accuracy of their respective mean ⌬ BP values.
A transmission scan was obtained to permit measured attenuation correction in all sessions using three 68 Ge/ 68 Ga rotating rod sources. High specific activity [
11 C]raclopride ( Ͼ 1000 Ci/ mmol) was synthesized as described by Halldin et al. (1991) . Dynamic emission scans (20-25 frames of increasing length over 90 min) were initiated upon injection of [ 11 C]raclopride by slow i.v. bolus administration (over 30 sec). The administered dose of [ 11 C]raclopride ranged from 10 to 40 mCi for the 951R studies and 6 to 8 mCi for the HR ϩ studies (see Table 1 for injected mass). The 951R images were not corrected for scatter, as the 2D scatter fraction is ‫ف‬ 10%. In contrast, the scatter fraction of the 3D HR ϩ images can approach ‫ف‬ 40%, so these images were corrected using Siemens' model-based scatter correction method (Townsend et al. 1998) . The PET images were filtered with a Hanning filter at the Nyquist frequency (reconstructed resolution described below).
The [ 11 C]raclopride input function was determined from arterial blood samples collected during the emission scan (35 total samples with 20 over the initial 2 min). Arterial blood was sampled at 2, 10, 30, 60, and 90 min post-injection to obtain the ratio of unmetabolized [
11 C]raclopride to total plasma radioactivity using HPLC (Dewey et al. 1992) . The time course of the fraction of unmetabolized [ 11 C]raclopride was fit to a sum of three exponentials and used to correct the total plasma radioactivity to obtain the input function (Price et al. 1998; Smith et al. 1998b) .
About 120 min following the baseline [ 11 C]raclopride injection, AMPH was injected i.v. over 2 min and a second [
11 C]raclopride injection was performed 5 min later, after initiating the AMPH pretreatment [in microdialysis studies of non-human primates the striatal DA concentration increases to a peak at 15-20 min post i.v. bolus injection of AMPH and remains elevated above baseline у 60 min (Endres et al. 1997; The ⌬ BP values acquired in the same animals on subsequent dates did not reveal systematic order effects to suggest that sensitization had developed to the first or second AMPH administrations (e.g., among the animals imaged twice at the same AMPH dose, the second ⌬ BP value obtained was larger than the first for two animals and smaller for one. Abbreviations : n.a., not available. Indicates studies performed using a Siemens HR ϩ and the 3D image acquisition mode. All other scans were acquired in the 2D mode using a Siemens 951R.
al. 1997)]. The AMPH dose administered was 0.3 mg/ kg for four studies, 0.6 mg/kg for four, and 1.0 mg/kg for four (Table 1) . Because of the concern that sensitization of DA neurons to the DA releasing effects of AMPH would bias dose response curves obtained within animals by increasing the DA response to subsequent administrations (Robinson and Kolb 1997) , most animals were studied twice at the same dose to examine whether a time trend was evident in test-retest ⌬ BP measures, and only one animal underwent scan sessions at all three doses. Moreover, in animals studied more than once the AMPH exposures were separated by at least 12 weeks to avoid the development of sensitization (Robinson and Kolb 1997) . For animals exposed to different AMPH doses the order of different doses was counterbalanced to reduce the likelihood that the development of sensitization would account for observed dose-response relationships.
MRI-Based Region-of-Interest (ROI) Definition
An MRI scan was obtained for each baboon using a 1.5 T GE Signa scanner and a 3-dimensional spoiled gradient recalled (SPGR) sequence (TE ϭ 5, TR ϭ 24, flip angle ϭ 40 Њ , slice thickness ϭ 1.5 mm, NEX ϭ 2, field of view ϭ 12 mm, voxel size ϭ 0.94 ϫ 1.25 ϫ 1.5 mm). This pulse sequence was optimized for delineating gray matter/white matter/CSF boundaries, facilitating the MRI-based ROI definition (Johnson et al.1993) . In one animal, technical problems with the SPGR image precluded its use and a standard T1-weighted MRI image was used instead.
The post-AMPH PET image was aligned to the baseline PET image, and the MR image was aligned to the PET images and resliced to yield images in the same planes and with the same voxel size as the PET images. To facilitate coregistration, the brain was segmented from extrabrain tissues in the MR image using ANA-LYZE™ (Mayo Biomedical Engineering; Rochester, MN), and the MRI-PET alignment was performed using PET images comprised of the summation of frames from the first 15-30 min following [
11 C]raclopride injection. This early distribution image overly represents free and nonspecifically bound tracer so that outlines of the cerebral and cerebellar cortex are sufficiently evident to guide image co-registration (Black et al. 1997; Woods et al. 1993) .
The PET and MRI images were prepared for alignment by centering them at the mid-sagittal plane using the algorithm of Woods et al. (1993) and the method of Minoshima et al. (1992) for establishing symmetry (Wiseman et al. 1996 ). The centered images were then aligned using Automated Image Registration (AIR) (Woods et al. 1993) . The precision of each PET-MR image alignment was verified in three dimensions using "iv_volumetool" software (C. Michel, University of Louvain-la-Neuve, Belgium) by visually comparing seven internal points/ lines evident on both the PET and MRI images: the anterior and posterior most points of the corpus callosum, the midpoint of the thalamus, the basal and anterior borders of the temporal and frontal poles, and the basal and posterior surfaces of the occipital cortex (Wiseman et al. 1996) .
Regions-of-interest (ROI) were defined on the aligned transverse MR image planes by manually tracing around the grey matter of that structure using ImageTool™ (CTI PET Systems; Knoxville, TN) ( Figure 1 ). The ROI defined in the 951R images were a single slice thick, yielding a sampling volume 3.4 mm deep in the z-axis, whereas those defined on the HR ϩ were 1-2 slices thick (2.4 to 4.8 mm deep). The same ROI set was applied to the baseline and post-AMPH images for each study, eliminating the possibility that rater-bias affected the comparisons. A single rater (WCD) defined all ROI.
The primary ROI were defined as follows: The dorsal caudate (DCA) was defined as the grey matter delimited anteromedially by the frontal horn of the lateral ventricle and posterolaterally by white matter in an image plane passing through the head and neck of the caudate nucleus ( Figure 1 ). This plane corresponded to an image slice between the OM ϩ 17.5 and OM ϩ 20 (i.e., 17.5 and 20 mm, respectively, dorsal to the orbitalmeatal plane) of the baboon brain in the atlas of Riche et al. (1988) . The anteroventral striatum (AVS) was defined in an image slice approximating the OM ϩ 10 plane (i.e., 10 mm above the orbital-meatal plane) in the atlas of Riche et al. (1988) as the grey matter at the ventral lip of the anterior limb of the internal capsule (Heimer and Alheid 1991). This ROI was bounded anteriorly, medially, and laterally by white matter and posteriorly by a line drawn horizontally from the caudal border of the medial caudate. This ROI putatively included the accumbens, the ventromedial caudate, and the anteroventral putamen. The reference region for measuring the free and nonspecifically bound [ 11 C]raclopride was defined in the cerebellar cortex (Hall et al. 1994) in ventral image planes where the cortex was easily delimited from the cerebellar peduncles. This cerebellar ROI extended dorsally and posteriorly to no closer than 10 mm from the occipital cortex.
For post hoc assessments of the specificity of ⌬ BP differences between the DCA and the AVS, additional ROI were defined in other striatal regions. To ensure that differences in ⌬ BP between the DCA and AVS were not better accounted for by changes in the putamen, a dorsal putamen ROI was defined in the first image plane ventral to the plane containing the DCA-ROI as the grey matter bounded anteriorly and posteriorly by the anterior and posterior limbs of the internal capsule, respectively, and laterally by the external capsule ( Figure  1 ). A ventral putamen ROI was drawn on the same horizontal plane as the anteroventral striatal ROI, bounded anteriorly by the posterior boundary of the AVS-ROI, medially by the pallidum, and laterally by the external capsule.
To ensure that differences between the DCA and the AVS were not better accounted for by AMPH-induced changes in caudate tissue located between these ROI, a middle caudate ROI was defined as the grey matter lateral to the lateral ventricles and anterior to the anterior limb of the internal capsule in an image plane that approximated level OM ϩ 15 of Riche et al. (1988) . Because this middle caudate ROI was located within one FWHM of the DCA and the AVS, the middle caudate measures were not expected to be independent from those in the primary ROI, and were inspected post hoc to ensure that the true peak ⌬ BP was not located between the DCA and the AVS.
Decay-corrected, tissue time-radioactivity curves were generated for each ROI from the dynamic PET im- Figure 1 . Co-registered PET (lower) and MRI (upper) sections through three levels of the striatum showing the ROI placement. The MRI image has been resliced into the same space and slice thickness as the PET image (Woods et al. 1993) , and the ROI were defined on the MRI image and then used to measure the [ 11 C]raclopride binding in the coregistered PET image. The PET image shown is a parametric image of radiotracer distribution volume (DV; Logan method) and shows high radioactivity concentrations in the DA D2/D3 receptor rich striatum and relatively low radiotracer uptake in non-striatal areas (Hall et al 1994) . The highest DV values were located in the putamen, and although the DA D2/D3 receptor Bmax is also highest in the putamen (Hall et al. 1994) , physical aspects of the PET signal contribute likewise to this observation. Thus, while these images are aligned to sub-voxel accuracy, the curved geometry of the striatum, the spilling in of radioactive counts from slices above and below the ROI, and dilutional partial volume averaging effects all contribute to the spatial distribution of measured radioactive counts from the striatum, giving a slightly different appearance from that of the actual anatomy (e.g., in the slice through the dorsal caudate, the spilling in of radioactive counts from the putamen is evident) (Links et al. 1996; Mazziotta et al. 1981; Meltzer et al. in press ). The relatively low DV in the AVS likely reflects both the lower concentration of DA D2/D3 receptors in the accumbens relative to the putamen (Hall et al. 1994 ) and the dilutional effects of being situated adjacent to areas with low receptor density (Links et al. 1996) . The PET measures for each ROI included both left and right sided structures, but only the right-sided ROI are shown here so that the anatomy evident in the MRI will not be obscured by the ROI on one side. Abbreviations: AVS, anteroventral striatum; DCA, dorsal caudate; DPU, dorsal putamen; MCA, middle caudate; VPU, ventral putamen. age. A calibrated phantom standard was used to convert tomographic counts to Ci/ml of brain in each ROI for each time point. Since laterality effects were not hypothesized, the ROI from the left and right hemispheres were combined.
Data Analysis
Receptor availability as a function of AMPH-induced changes in endogenous [DA] was measured using a graphical analysis technique developed for assessing reversible radioligand-receptor interactions (Logan et al. 1990; Dewey et al. 1992 ). This Logan analysis provided a linear regression slope that was a measure of the total radioligand distribution volume (DV) (Logan et al. 1990 ). Regional DV values were used to calculate binding potentials (BP) (Mintun et al. 1984) to assess DA D2/D3 receptor specific binding. The BP was calculated as (Lammertsma et al. 1996): where B Ј max (nM) is the concentration of available receptors, K D (nM) the equilibrium dissociation constant, and f 2 the free fraction of radiotracer in brain (unbound in the precursor pool). The cerebellar data were used to determine the DV of free and nonspecific binding (DV F ϩ NS) under the assumptions that the specific binding of [ 11 C]raclopride in the cerebellum was negligible and that the concentration of free and nonspecifically bound radioligand (F ϩ NS) in the cerebellum approximated F ϩ NS in all regions (Hall et al. 1994) . AMPH binding to DA D2/D3 receptors is also negligible (Burt et al. 1976 ). The AMPH-induced percent change in BP (⌬BP) for [ 11 C]raclopride between the baseline (BP baseline ) and post-AMPH (BP AMPH ) scans was calculated as: [(BP AMPH Ϫ BP baseline ) / BP baseline ] ϫ 100. The a priori hypothesis that ⌬BP in the AVS exceeds that in the DCA was tested using a paired t-test. Because of the long time intervals between different studies performed within individual monkeys (Table 1) , these measures were assumed to be independent in assigning degrees of freedom. In post hoc assessments, the ROI in the putamen was added to the primary ROI to examine main effects of region by ANOVA, with the significance of differences between regions assessed by the Tukey HSD test. The relationships between AMPH dose and regional [ 11 C]raclopride binding in the AVS, the DCA and the putamen were assessed using Pearson product-moment correlation coefficients.
Simulation Studies of Error from Partial Volume Effects and Image Misregistration
Estimating the True Spatial Resolution of the Images. To simulate the effects of scanner resolution (also called partial volume) and inaccuracies in image
coregistration on the regional ⌬BP measures, we first estimated the true image resolution by considering the intrinsic scanner resolution, the broadening due to scatter, the broadening from image smoothing, and the image acquisition mode. The 951R studies were acquired in the 2D (plane-by-plane) mode, with septa extended into the field-of-view. For images acquired under these conditions the resolution of a point source in air reconstructed without smoothing is 6 Ϯ 0.5 mm full-width at half-maximum (FWHM) in the transverse plane and 5 Ϯ 1 mm FWHM axially (Spinks et al. 1992) . During reconstruction, the effect of the Hanning window with cut-off ϭ Nyquist frequency only slightly increased the transverse FWHM (i.e., by Ͻ 6%), and no axial smoothing was applied. Measurements of point sources in a water phantom indicated that for brain-sized objects the effect of scatter from tissue is an additional broadening of ‫5ف‬mm FWHM added in quadrature to the transverse resolution (Meltzer et al. in press) , whereas the average axial resolution is only slightly increased to 5.3 mm [probably due to the rejection of oblique scatter by the septa]. The combination of these effects resulted in a true image FWHM resolution estimate of 7.8 mm in the transverse plane and 5.3 mm axially for the 951R images.
The HRϩ images were acquired in 3D (volume) mode with septa retracted. For images acquired under these conditions the FWHM resolution of a point source in air is approximately 5 Ϯ 0.5 mm transverse and 4.5 Ϯ 0.5 mm axially (Brix et al. 1997 ). The image reconstruction using a Hanning window with cut-off ϭ Nyquist frequency resulted in an estimated (including the effect of scatter) true image FWHM resolution of 7.1 mm in the transverse plane and 6.7 mm axially (P. Kinahan, unpublished data). The broader axial resolution in this case arises from the lack of septa in the HRϩ studies, resulting in a degradation of axial resolution by oblique scatter.
Our simulations therefore assumed a transverse FWHM resolution of 8 mm and an axial resolution of 6 mm. These assumptions comprised a slightly conservative estimate of resolution in the transverse direction and a compromise between the two scanners in the axial direction.
Generating a Reference Image for Simulation Studies. A 'ground truth' reference image was derived from a parametric image of [ 11 C]raclopride DV ( Figure  1 ) for one study (Baboon E; Table 1 ). A DV image was selected for the simulations because DV, in contrast to BP, is linearly related to the dynamic PET data, and thus equally affected by resolution effects. The impact of the changes in partial volume and alignment error applied to this reference image were assessed via the resulting changes in the derived BP values measured in each ROI (Figure 1 ).
The reference image was defined by segmenting the parametric DV image into two regions corresponding to the basal ganglia (specifically bound tracer) and the remainder of the brain. Since non-basal ganglia tissues have DA D2/D3 densities Ͻ 10% of that of the striatum, they were assumed to reflect non-specifically bound tracer (Hall et al. 1994 ). This simplification of DV in the remainder of the brain did not detract from the estimation of partial volume and misalignment effects on ⌬BP, because the simulations were not intended to replicate the actual measured ⌬BP (which is not feasible due to the number of free parameters involved in defining the reference image, image resolution, alignment accuracy, and non-specific tracer binding patterns in the pre-and post-AMPH images). The threshold DV for defining the edge of the striatum in the reference image was selected so that when this image was blurred to the spatial resolutions described above, the resulting image matched the original image of measured DV, except for having a more uniform appearance. The segmented basal ganglia were then subdivided into four bilateral regions corresponding to the ROI in the DCA, AVS, middle caudate, and putamen (Figure 1) . The DV values of these four regions were manually adjusted so that the ROI placed on the blurred image reproduced (to within 3%) the measured DV values.
Simulating Partial Volume Effects on Regional ⌬BP.
The post-AMPH DV image was defined by changing the DV for non-specific binding by the measured ⌬DV of the cerebellum, and the DV of each basal ganglia region was systematically varied by additional increments as described below. The resulting post-AMPH images were blurred to the above-stated resolutions, and the ⌬BP values for each ROI were calculated by comparing the simulated reference and post-AMPH images. To investigate the coupling between ⌬BP for the DCA and the AVS, the DV values in the DCA, middle caudate, and putamen were reduced by 10% beyond that of the cerebellum, and the DV of the AVS was then sequentially decreased by 5% increments to 10-30% beyond the cerebellar ⌬DV. In a similar manner the coupling between the AVS and putamen was studied by fixing the AVS ⌬DV to a 20% decrement (the middle of the range tested above) relative to the cerebellar ⌬DV and the putamen DV was sequentially reduced by 5% increments between 10 and 30%. The resulting estimated ⌬BP values for the AVS and DCA were computed for each set of cases.
Simulating the Effects of Alignment Error on ⌬BP.
Although the similarity in PET images allows excellent registration of pre-and post-AMPH images, the alignment of PET and MRI images is subject to small errors, shown by rigorous, invasive methods to have a mean absolute error of 1.62 mm for subcortical test points in baboons (Black et al. 1997 ), similar to that described for humans (Woods et al. 1993) . When coupled with the alignment verification strategy described above (Wiseman et al. 1996) , the final registrations for the baboon studies considered herein were estimated by visual inspection to have maximum alignment error of less than the transverse dimension of one voxel, or ‫5.1ف‬ mm. Similarly, the maximum error in pitch (equivalent to head nodding) was Ͻ 4 degrees, which for the ROIs used in this case, corresponds to an axial shift of up to 1.7 mm. The ROI-based measures of ⌬BP for the AVS and the DCA were obtained as the MRI-derived ROIs were shifted by Ϯ1.5 mm in each of the left-right, anterior-posterior, and dorsal-ventral axes for the simulated case in which DV decreased by 10% in the DCA and the middle caudate, and by 20% in the AVS and the putamen in the post-AMPH relative to the reference image. From these values, the average error and the standard deviation of the ⌬BP were calculated for the AVS and the DCA to assess the effects of misalignment between the PET image and the MRI-based ROI.
RESULTS
The HPLC analyses of the concentrations of [
11 C]raclopride and radiolabelled metabolites showed that about 70% and 10-20% of [
11 C]raclopride in plasma was unmetabolized at 10 min and 60-90 min, respectively. The metabolism of [ 11 C]raclopride did not significantly differ between the baseline and AMPH-treated conditions or across AMPH doses. Immediately after [
11 C]raclopride infusion, radioactivity accumulated bilaterally in the striatum, reaching a peak value in ‫01ف‬ min and clearing to between 25% and 40% of the peak value at 60 min ( Figure 2 ). Cerebellar radioactivity reached a peak within 5 min but cleared more rapidly, with р10% of the peak activity remaining at 60 min (Figure 2) .
The mean volumes defined to sample the regional radioactivity concentration were similar across striatal ROI. The mean volumes in mm 3 Ϯ 1 SD were: AVS, 484 Ϯ 145; DCA, 548 Ϯ 67.3; middle caudate, 363 Ϯ 131; dorsal putamen, 533 Ϯ 191; and ventral putamen, 532 Ϯ 157. The ROI for the 3D HRϩ images were positioned 24.6 to 38.1 mm from the center of the axial FOV within the range where signal-to-noise is relatively uniform (Townsend et al. 1998) . For the axially uniform 2D 951R images the ROI ranged from 0 to 16.9 mm (5 planes) from the axial FOV center.
The Logan graphical analyses were applied to data acquired from 5 to 60 min post-injection, with correlation coefficients (r 2 ) for the linear regression exceeding 0.99 for all ROI for all scans. The rank order of the mean baseline DV and BP values by region was highest in putamen, high in DCA, and slightly lower in AVS (Table 1; mean baseline cerebellar DV ϭ 0.901 Ϯ 0.198). This rank order was consistent across scans, as in all 12 baseline studies the AVS had a BP value lower than that in the DCA and putamen, and in 10 of 12 of these studies the BP in the putamen was higher than that of the DCA. The baseline BP measures and the AMPH-induced ⌬BP values obtained using the HRϩ scanner were within the range of those obtained using the 951R scanner.
The mean DV in the cerebellum did not significantly differ between the baseline and the post-AMPH conditions (mean DV increased 2.95% Ϯ 11.0%; t ϭ 0.93). In contrast, AMPH pretreatment reduced the BP in all 12 studies in the AVS (mean ⌬BP ϭ Ϫ19.0% Ϯ 9.1% for all AMPH doses combined; paired t ϭ Ϫ7.23; p Ͻ .001; df ϭ 11) and in 11 of 12 studies in the DCA (mean ⌬BP ϭ Ϫ9.56 Ϯ 11.6; t ϭ Ϫ2.85; p Ͻ .01). The magnitude of the mean reduction in BP in the AVS was 99.2 Ϯ 79.6% greater than that in the DCA (t ϭ 4.32; p Ͻ .002), confirming the a priori hypothesis (Figure 3) . The magnitude of ⌬BP in the AVS exceeded that in the DCA in 11 of 12 studies (Figure 4) .
Post hoc assessments addressed the specificity of this difference in ⌬BP between the DCA and the AVS and examined the relationship between AMPH dose and ⌬BP (Table 1 ). The ⌬BP in the middle caudate was lower in magnitude than that in the AVS in all 12 studies. The magnitude of the mean ⌬BP in the AVS (Ϫ19.0 Ϯ Figure 2 . PET measures of the radioactivity concentration over 90 minutes in the putamen (PUT), the dorsal caudate (DCA), the anteroventral striatum (AVS), and the cerebellum (CER) measured using 3D PET after intravenous injection of high specific activity [ Table 1 ). The inset graph shows the early curve times from 0 to 8 min post-injection. Similar curves shapes are observed for all three striatal ROI (AVS, DCA, PUT), while lower uptake and rapid clearance is observed in the cerebellum. 9.1) was 61.2 Ϯ 28.6% higher than that of the middle caudate (Ϫ11.8 ϩ 10.2%) for all doses combined (paired t ϭ Ϫ 7.42; p Ͻ .001). The dorsal and ventral putamen measures were highly correlated (Table 1) , so were combined into a single ROI for the post hoc ANOVA and linear regression analyses. A significant main effect of region was evident by ANOVA (F ϭ 14.1, p Ͻ .001), which was largely accounted for by the significantly greater mean ⌬BP of [ 11 C]raclopride in both the AVS and the putamen relative to the DCA (p Ͻ .0004 and p Ͻ .0006, respectively, by Tukey's HSD test). The ⌬BP did not significantly differ between the putamen and the AVS (mean ⌬BP ϭ Ϫ18.6 Ϯ 12.6 and Ϫ19.0 Ϯ 9.1, respectively, for all AMPH doses combined). The inverse correlation between AMPH dose and ⌬BP was significant in the putamen (r ϭ Ϫ0.60, p Ͻ .05) but not the DCA (r ϭ Ϫ0.42) or the AVS (r ϭ Ϫ0.33) (Table 1; Figures 4 and 5) .
The results of the simulation studies of partial volume effects are illustrated in Figure 6 . Both plots show that the DCA values were only slightly influenced by changes in the DV of the AVS (Figure 6A ) or the putamen ( Figure 6B ). In contrast, varying the ⌬DV of the putamen more prominently affected the ⌬BP of the AVS ( Figure 6B ). For example, changing the putamen ⌬DV from Ϫ20% to Ϫ30% resulted in an absolute change in the AVS ⌬BP of ‫)%5.2ف‬ ( Figure 6B ).
The effects of alignment errors between the simulated PET images and the MR-based ROI showed that average changes in the ⌬BP values of the AVS and the DCA of 8% for both regions, with standard deviations of 25% (AVS) and 34% (DCA). The largest changes were observed for shifts along the anterior-posterior axis.
DISCUSSION
These PET measures of AMPH-induced changes in DA D2/D3 receptor availability are consistent with the hypothesis that the magnitude of AMPH-induced DA release is greater in the AVS than the DCA in baboons. The magnitude of the reduction in [
11 C]raclopride binding in baboons was two-fold higher in the AVS than the DCA (Figure 3) , similar to the ‫-2ف‬fold higher AMPHinduced DA pulse in the accumbens relative to the dorsal striatum measured in rats by microdialysis (Di Chi- 11 C]raclopride ⌬BP and the integral of the AMPHinduced DA pulse appears linear over the AMPH doses tested (Endres et al. 1997; Laruelle et al. 1997) . Confidence limits established by simulation studies showed the regional differences in mean ⌬BP are robust to error from partial volume and image misalignment. These data suggest that the preferential sensitivity of the ventral striatum to the DA releasing effects of AMPH exists in primates as well as rats (Di Chiara and Imperato 1988b ).
An unexpected finding of the post hoc analyses was that the magnitude of the AMPH-induced ⌬BP was also greater in the putamen than the DCA. The amount of DA released in the putamen during AMPH administration had not been compared to that in the caudate or the accumbens in previous microdialysis or neuroimaging studies. We thus had no a priori hypothesis about the AMPH-induced ⌬BP in the putamen relative to other striatal regions.
Previous neuroimaging studies have not compared changes in the specific binding parameter for DA receptor radioligands during pharmacological challenge across different striatal regions. Our ability to do so depended on the use of MRI-based ROI analysis, since borders between striatal areas are not evident in PET images (Figure 1) , and the use of relatively high resolution PET tomographs which provided 5 to 8 image slices through the baboon striatum. In contrast, previous studies centered ROI directly over PET voxels showing the highest radioactivity concentration, a practice that emphasize the putamen (Figure 1) (Hall et al. 1994) , and the reductions in DA receptor specific binding they reported are likely to be most comparable to our data in the putamen ( Figure 5 ).
Study Limitations
In primates the cells with histochemical and connectional features of the accumbens shell are scattered through the ventromedial caudate and anteroventral Table 1 to permit correlations with the corresponding values in the AVS and the DCA shown in Figure 4 . These data are consistent with the results of previous studies which showed that the relationship between ⌬BP and AMPH dose is approximately linear through the range tested in ROI that predominantly sampled the putamen (e.g., Laruelle et al. 1997; Carson et al. 1997) .
putamen (Alheid and Heimer 1988; Everitt et al. 1989; Gerfen et al. 1985; Heimer and Alheid 1991) . Neuroimaging studies are thus incapable of assessing whether the DA projections to the shell are more sensitive to AMPH's DA-releasing effects than those to the rest of the AVS (Di Chiara et al. 1993) .
A second limitation is that the baboons received ketamine and atropine 90 to 150 min prior to scanning. Both agents may increase DA release in the striatum through neurotransmitter system interactions, effects expected to subside prior to the baseline PET scan (Dewey et al. 1992; Smith et al. 1998a) . If the elevated striatal DA concentrations induced by these agents persisted into this scan, however, the baseline BP and the AMPH-induced ⌬BP measures would be attenuated. Differences in the magnitude of this effect across studies may have increased the variability of the PET measures. Moreover, since the DA-releasing effects of NMDA glutamate receptor antagonists such as ketamine are more robust in ventral than dorsal striatum (Carboni et al. 1989) , these effects may have biased against finding an even more prominent differential AMPH-sensitivity in the AVS relative to the DCA.
Third, some scans were performed using relatively high injected doses of [
11 C]raclopride (Table 1 ). The injected mass of raclopride in these studies, which averaged 10.5 Ϯ 6.9 nmol (3.6 Ϯ 2.4 g) and ranged from 1.4 to 23.5 nmol (0.5 to 8.2 g) may have resulted in significant DA D2/D3 receptor occupancy. The average equilibrium concentration of radiotracer in the striatum was 0.01% injected dose per gram, so the estimated striatal concentration of raclopride at equilibrium ranged from 0.14 to 2.4 nM. The density of DA D2/D3 receptor binding measured by [ 3 H]raclopride in the primate striatum averages ‫01ف‬ nM (Hall et al. 1994) , so these raclopride concentrations may have occupied 1.4 to 24% of available receptors in the striatum. This effect would reduce the magnitude of apparent DV and BP values and contribute to the variability of these measures across scans. However, since raclopride binds equally to high and low affinity DA D2/D3 sites (see below) and the injected mass of raclopride was similar for the pre-and post-treatment scans, the ⌬BP measures should not be differentially affected by the injected raclopride mass (AMPH promotes DA release via a mechanism independent of cell-firing, so the autoreceptor blockade resulting from this raclopride dose would not clearly affect the AMPH-induced DA pulse itself) (Kuczenski and Segal 1989) . The data shown in Figure 4 indicate that the more prominent ⌬BP in the AVS relative to the DCA is evident irrespective of whether a high or low injected mass of raclopride was used to acquire the PET images.
Fourth, it is conceivable that AMPH-induced cerebral blood flow (CBF) changes may have differentially affected tracer delivery across striatal regions. However, Hartvig et al. (1997) demonstrated similar AMPHinduced CBF changes across cortical and subcortical regions, suggesting that any difference in ⌬CBF between the DCA and AVS would be subtle. Moreover, Logan et Common points between the two comparisons are shown in the dotted boxes (i.e., for the simulations shown in 6A, the putamen ⌬DV is fixed at Ϫ20%, whereas in 6B the AVS ⌬DV is fixed at Ϫ20%). In both simulations the ⌬DV of the DCA remains fixed at Ϫ10%. The ⌬DV values shown reflect additional changes above the change in free and nonspecific radiotracer binding, as measured in the cerebellum.
al. (1994) showed that while large changes in CBF affect DV, the DV ratio (and hence the BP) is relatively insensitive to CBF changes. Finally, to assess differences in tracer delivery between regions or between pre-and post-AMPH conditions, we separately computed regional K1 values, which reflect tracer delivery, using compartmental modelling [this approach proved robust for both the pre-and post-AMPH images for 9 of the 12 scan-sets considered herein-methods described in Price et al. (1998) ]. The mean baseline K1 values did not differ between the DCA and the AVS (0.17 Ϯ 0.055 and 0.17 Ϯ 0.040, respectively) and the mean AMPH-induced change in K1 was not significant in the AVS (0.0026 Ϯ 0.053; t ϭ 0.15) or the DCA (0.015 Ϯ 0.038; t ϭ 1.16).
Fifth, the PET results were sensitive to error from PET and MRI image misalignment. The simulated effects of misalignment between the PET data and the MRI-based ROI demonstrated that the sensitivity of the ⌬BP was particularly high when misregistration occurred along the anterior-posterior axis. However, the misalignment errors for the actual studies appeared random, and the 99% difference between the mean ⌬BP of the AVS relative to the DCA (Figure 3 ) was substantially greater than the 8% mean error from overall alignment inaccuracies obtained in the simulation studies.
Finally, the regional PET measures were affected by spilling in of radioactivity from surrounding tissues and dilutional effects from adjacent structures with low tracer uptake due to scanner resolution. Demonstrating a differential AMPH sensitivity for the AVS thus depended upon showing that the AMPH-induced change in [
11 C]raclopride binding was greater in the AVS than the DCA, and that this difference was not accounted for by an even greater change in the middle caudate or the posterior putamen. This approach was facilitated by the relatively low [
11 C]raclopride specific binding in extrastriatal areas, which reduced the number of comparisons required across regions (Hall et al. 1994) (Figure 1 ). The ability of PET to resolve relative differences in the change in radiotracer concentration between two conditions in ROI separated by less than the FWHM resolution is central to PET's utility in localizing loci of maximal change in brain mapping studies (Fox et al. 1986 ).
To facilitate interpretation of the quantitative imaging results within the basal ganglia, simulation studies were performed to estimate the potential bias of partial volume effects and image misregistration error on ⌬BP. These simulations showed that measured signals from the DCA and the AVS were easily differentiated, but that the AVS and putamen results were correlated (Figure 6) . These results were consistent with the axial separation of ‫5.7ف‬ mm between the AVS and the DCA relative to the ‫6ف‬ mm axial resolution of the scanner, and the small anterior-posterior separation of the AVS and the putamen relative to the ‫8ف‬ mm transverse resolution. Nevertheless, Figure 6B shows that the putamen ⌬DV must far exceed the AVS ⌬DV before it can account for the ‫ف‬twofold difference in ⌬BP found between the AVS and the DCA (Figure 3 ) on the basis of partial volume effects. Since the mean ⌬DV of the putamen and the AVS were similar, the greater AMPHinduced ⌬BP in the AVS relative to the DCA was not explained by partial volume effects from the putamen.
It is noteworthy that the data in Table 2 suggest the mean AVS ⌬BP relative to the putamen ⌬BP is larger at AMPH 0.3 mg/kg, similar at 0.6 mg/kg, and smaller at 1.0 mg/ kg. Clear relationships between AMPH dose and ⌬BP could not be established, since only four studies were obtained at each AMPH dose, each animal was not studied at each dose, and some animals were scanned using different PET cameras. These limitations did not detract from the test of the a priori hypothesis, because the preferential sensitivity to AMPH's DA releasing effects in the AVS relative to the DCA was demonstrated by paired comparisons within studies under various experimental conditions (Figure 4 ). Neverthe- less, the AMPH dose may prove salient to understanding potential differences in AMPH sensitivity between the AVS and the putamen. Although the microdialysis data of DiChiara et al. (1993) showed the integral of the DA pulse increases nearly linearly as AMPH dose increases from 0.25 to 2.0 mg/kg in rats and the preferential release of DA in the accumbens shell relative to the dorsal caudate-putamen is equally robust for all AMPH doses in this range, the ability to detect such differences using PET is constrained by interactions between tracer and neurotransmitter kinetics that alter the apparent DA D2/D3 site affinity (Endres et al. 1997) . The relationship between AMPH dose and DA release is demonstrable by PET at relatively low AMPH doses, but the sensitivity of ⌬BP progressively diminishes at higher AMPH doses as the high affinity DA D2/D3 site occupancy increases (Endres et al. 1997; Hartvig et al. 1997) . The DA D2/D3 receptor antagonist, raclopride, binds receptors in either the high or low affinity states, but competes with DA primarily at high affinity sites (Hartvig et al. 1997) . Competition between DA and [ 11 C]raclopride at DA D2/D3 receptors in the low affinity state becomes a small factor only as DA concentrations enter the micromolar range (K D ‫ف‬ 7.5 nM and 4.3 M for high and low affinity DA D2 receptor states, respectively) (Seeman et al. 1986 ).
The magnitude of the AMPH-induced ⌬BP for [ 11 C]raclopride thus has an upper limit corresponding to the proportion of DA D2/D3 receptors in the high affinity state, reported from 30 to 90% (Richfield et al. 1986; Ross 1991; Seeman and Grigoriadis 1987; Sibley et al. 1982) . Moreover, since some high affinity sites may be internalized, the true fraction of receptors available for competition may be lower since intracellular receptors are putatively more accessible to the lipophilic, [ 11 C]raclopride than to DA (Jin et al. 1998; Laruelle et al. 1997) . Consistent with this hypothesis, Hartvig et al. (1997) showed that in rhesus monkeys the relationship between ⌬BP and AMPH dose (continuous i.v. infusion) was linear for AMPH plasma concentrations between 0 ng/ml and 5 ng/ml, but plateaued at ‫ف‬Ϫ40% as AMPH concentrations exceeded 10 ng/ml. Thus, mean reductions in DA D2/D3 receptor specific binding reported in PET and SPECT studies have not significantly exceeded 40% in response to various doses of AMPH Dewey et al. 1993; Laruelle et al. 1997) , methylphenidate , GBR-12909 (Dewey et al. 1993) , or cocaine (Schlaepfer et al. 1997) . Although plasma AMPH concentrations were not reported by other neuroimaging studies for comparison with Hartvig et al. (1997) , the dose range where ⌬BP increases linearly with AMPH dose (i.v. bolus) appears to be up to a maximum of 0.4 to 1.0 mg/kg (Endres et al. 1997; Laruelle et al. 1997) . Microdialysis studies show that AMPH doses in this range yield extracellular DA concentrations likely to saturate highaffinity DA D2/D3 sites. In monkeys, Endres et al. (1997) found that AMPH increased extracellular DA concentrations by up to 1100% at 0.2 mg/kg and 2500% at 0.4 mg/kg (to 839 nM), and Laruelle et al. (1997) showed that AMPH doses of 0.27, 0.68, and 1.0 mg/kg increased DA levels by 549, 1300, and 1600%, respectively, with the DA concentration at AMPH 0.5 mg/kg reaching 522 Ϯ 205 nM. Since the mean DA D2/D3 receptor Bmax measured using [
3 H]raclopride varies in primates from 8 fmol/mg of tissue in accumbens to 10 fmol/mg and 12 fmol/mg in caudate head and lateral putamen, respectively (Hall et al. 1994) , extracellular DA concentrations of this magnitude would saturate the high affinity DA D2/D3 sites. The regional differences in Bmax also imply that these sites would saturate at lower AMPH doses in the accumbens than the lateral putamen. Thus if DA projections in accumbens are more sensitive to AMPH than those in putamen, PET would demonstrate this difference at low but not high AMPH doses, compatible with the trend in Table 2 .
Possible Mechanisms for Regional Differences in Amphetamine Sensitivity
Although it remains unclear why DA projections would be more sensitive to AMPH's DA-releasing effects in the ventral than the dorsal striatum, this contrast may relate to regional differences in basal DA concentration. In rats the basal extracellular fluid DA concentration is 60 to 70% higher in the dorsal caudate-putamen than the accumbens, possibly due to the relatively higher density of DA neuron terminals in dorsal striatum (DiChiara et al. 1993) . As basal DA concentrations increase and occupy more of the high affinity DA sites, the AMPH-induced DA pulse will displace less raclopride because more of the remaining receptors are in the low affinity state, reducing the apparent DA D2/D3 site affinity. Endres et al. (1997) estimated that a 20% increase in the basal DA concentration would attenuate the AMPH-induced ⌬BP for [ 11 C]raclopride by 6.4%. If the basal DA concentration in the dorsal striatum exceeds that in the ventral striatum in primates, this effect may contribute to the difference in AMPH-induced ⌬BP between these regions.
Since the effect of basal DA concentration on apparent site affinity is not a factor in microdialysis studies, other mechanisms must also play roles in the differential AMPH sensitivity between the dorsal and ventral striata. Weiss et al. (1992) showed an inverse correlation between basal DA concentration and DA release during cocaine challenge, and hypothesized this relationship indicated more potent activation of compensatory mechanisms to reduce DA neuron firing activity in areas with higher basal DA levels (we are unaware of similar data assessing this relationship during AMPHchallenge). The higher DA neuron terminal density in the dorsal striatum may thus result in both higher basal DA concentrations and more efficient release modulation relative to the ventral striatum.
Implications for Human Studies
Neuroimaging studies of healthy humans have employed AMPH doses of 0.2 to 0.3 mg/kg and reported mean reductions in [
11 C]raclopride BP of 15.5 Ϯ 1.8% ) and in [
123 I]IBZM binding of 7.6 ϩ 2.1% (Laruelle et al. 1996) when measured over the putamen or the entire striatum. Our results suggest the sensitivity for detecting AMPH-induced changes in DA receptor radioligand BP may be enhanced by measuring over the AVS. This difference may obtain for imaging studies involving other drugs of abuse as well, since cocaine, phencyclidine, narcotic analgesics, ethanol, and nicotine also preferentially increase extracellular DA in the accumbens in rats (Carboni et al. 1989; Di Chiara and Imperato 1988a; Brazell et al. 1990; Kuczenski and Segal 1992; Segal and Kuczenski 1992) . Finally, it is noteworthy that the cognitive-behavioral challenge of Koepp et al. (1998) , which involved playing a video game for monetary reward, reduced [
11 C]raclopride BP more prominently in ventral than dorsal striatum. These data, which may reflect activation of DA projections into the ventral striatum by incentive-related processing, exemplify the importance of distinguishing DA release in specific striatal systems.
In primates the anteroventral and dorsal striata comprise major targets of the mesolimbic and mesostriatal subdivisions of the telencephalic DA system, respectively. The data presented here underscore the utility of functional imaging measures of endogenous DA release in investigations of mesolimbic DA function. Probing the function of this system is relevant to studies aimed at elucidating the neurobiological correlates of several psychopathological conditions, including depression, mania, psychosis, and substance abuse.
